Metallic zinc nanoparticles are generated in two compositional ranges of borosilicate glasses upon 200 keV and 300 keV electron beam irradiation in transmission electron microscope.
I. INTRODUCTION
Investigating oxide glasses under irradiation is a subject of great interest, not only for nuclear applications but also for applications in nanotechnology. In particular high energy electron irradiation can modify the local properties, structure and composition of glasses 1 , including phase separation, precipitation, gas bubble formation, alkali migration, volume expansion, shape transformation and crystallization [2] [3] [4] [5] . The irradiation resistance of oxide glasses has been the subject of much research focussed on the immobilisation of radionuclides. Borosilicates 2 and zinc borosilicates 5 have been widely explored for their loading limits with extra cations and under a variety of ion, gamma and electron irradiations.
On the other hand, the fabrication of metal nanoparticles in glass has attracted much attention due to their unique applications in different fields such as electrical charge storage 6 and light emission 7 .
Electron beams in transmission electron microscopy (TEM) have been used to generate nanometre sized particles in oxide glasses, with the beam serving simultaneously as imaging and fabrication tool (in situ fabrication and characterization). This approach has significant importance in elucidating the atomic mechanisms behind this process and in line control of the shape, size and distribution of nanoparticles 8, 9 . Jiang et al. 10, 11 reported the precipitation of crystalline zinc nanoparticles about 7 nm in diameter in zinc-rich borosilicate glass under high intensity electron irradiation. Formation of metallic zinc nanocrystals about 7-10 nm in size embedded in an amorphous silica layer by electron beam irradiation of a zinc oxide thin film on silicon substrate has been reported by Kim et al. 12 . Amorphous zinc nanoparticles were initially formed under thermal annealing followed by prolonged irradiation. Further irradiation resulted in 3 phase transformation into crystalline zinc nanoparticles. These preliminary Zn particle formation studies used uniform irradiation without attempt at patterning.
On the other hand, patterned particle formation in glasses is known e.g. via ion implantation through nanoporous masks for cobalt implanted into amorphous silica 13 and for zinc implanted into both crystalline CaF 2 and amorphous silica 14 . Against this background ''direct write'' electron beam patterning of initially uniform glasses without a mask appears to be promising due to its greater flexibility and resolution. Outside the field of glasses, electron beam induced preparation of metal nanoparticles from their precursors has been demonstrated in a variety of materials [15] [16] [17] [18] .
Our study of Zn nanocluster and nanocrystal formation derives its importance from the ability to generate nanoplasmonic surface-near arrays in a transparent matrix, e.g. for light-coupling applications (such as Ag in borosilicates 19 ). After oxidation of the Zn nanocrystals to ZnO, these may find applications as UV-range semiconductor quantum dots, as previously attempted with ion implantation 14 . We aim at advancing earlier studies in the directions of nanoscale pattern formation by transmission electron microscopy direct-write, assessing glass compositional influence and tracking particle formation in-situ.
II. MATERIALS AND EXPERIMENTAL PROCEDURES
The experimental process consisted of the three steps of bulk glass melting, sample preparation via powder crushing and irradiation with imaging and spectroscopy.
A. Glass composition selection and melting
Zinc borosilicate glasses of two compositions, labelled ZBS-A and ZBS-B (Table I) 20 , and its high irradiation sensitivity has been reported by Jiang et al. 10 . In addition, we have developed a low-zinc alkali-borosilicate glass (ZBS-B) with potential advantages: (i) Zn patterning is expected to show with higher Zcontrast between particle and matrix, (ii) the over-sensitivity of ZBS-A to weak electron irradiation with problems in pre-and post-patterning imaging can be avoided, and (iii) it provides better compatibility with standard industrial composition ranges of borosilicates, widely used in areas ranging from laboratory glasses to nuclear waste glasses. Both together glasses A and B allow a basic study of the compositional influence on the irradiation and patterning processes.
The glass batches have been prepared by mixing powders of zinc oxide, boric acid, sodium carbonate and silica sand to obtain 300 g glass melt. The mixture was then melted in a platinum crucible and electric furnace at 1450 o C and 1300 o C for ZBS-A and ZBS-B respectively. To ensure glass miscibility for the low Zn range, a small amount of alkali was added following 21 .
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B. TEM sample preparation
Electron microscope specimens were prepared by grinding the quenched glass frits into a very fine powder in acetone using a pestle and mortar. In order to reduce agglomeration, the powdersuspension was then ultrasonicated for 15 min. Then a small amount of the powder was placed on holey carbon film supported by a copper grid.
C. Electron irradiation process
The electron beam irradiation and patterning was carried out in a JEOL JEM-2010F field- 
III. RESULTS
Experiments in irradiation induced Zn precipitation are sorted into stationary and patternforming beam-control, followed by special experiments observed along the main objective of precipitation-patterning. This fragment has been initially fully irradiated using a low intensity electron beam for a prolonged time and this resulted in small nanoparticles about 5-7 nm in size being precipitated throughout. Then, high intensity electron beam has been used to irradiate the lower left edge of the glass fragment as indicated in Fig. 3 (a). During this stage, irradiation at rest using a stationary e-beam produced mostly spherical nanoparticles about 20-40 nm in size. Here, the 9 competition of partial glass ablation and nanoparticles formation is also evident. Especially surface decoration of the glass with nanoparticles sticking out can be seen at the bottom-left edge. These nanoparticles show bright atomic number contrast in the ADF image ( Fig. 3(b) ) supporting the presence of metallic Zn over ZnO as Zn is the heaviest atom in this glass (Z=30), however, full confirmation of the metallic identity is derived from EELS spectra and HRTEM images (Fig. 4) .
FIG. 4. EELS spectrum for Zn-rich borosilicate glass after several minutes of electron irradiation. Peaks
A, B and C are close to literature data for Zn M 4,5 core edge, Zn-bulk-plasmon and glass bulk plasmon, respectively. Inset: HRTEM image of a typical particle.
The EELS spectrum has been acquired from the region of peak-irradiation in Fig. 3 . The energy scale is re-calibrated via another low-exposure (noisy) spectrum including the low-loss region and the zero-peak. From the figure three prominent peaks can be identified around 10.3 eV, 14.2 eV, and 21.2 eV. The first peak with an onset just below 10 eV matches the core level excitation (M 4,5 edge) of metallic zinc, expected at 9.4 eV onset, as predicted by Widder et al. 22 , and is also -consistent with [10, 23] . The second peak matches well the zinc volume plasmon signal 22 . This
Zn metal-specific signal is well below the possible alternative zinc oxide plasmon of 18.8 eV 10,24 , which we never observed, and therefore confirming our particles as metallic. The third peak is the matrix contribution for the borosilicate glass, recorded mainly in a hole of the carbon carrier film (Fig. 3) . Of particular interest is the live observation of nanoparticle growth under electron irradiation as shown in figure 5 for a low-Zn alkali-borosilicate glass (ZBS-B) fragment. Prior to the irradiation, the condenser aperture has been removed to allow a relatively high current to be spread over the entire glass fragment. The glass fragment has initially rough surfaces and is homogenous with no nanoparticles (Fig. 5(a) ). Then, a uniform distribution (homogenous nucleation and precipitation) of particles (average diameter ~ 5 ± 2 nm) is found after three minutes irradiation (Fig. 5(b) ). Surprisingly, during the next three minutes (Fig. 5(c) ) the particle size increases only marginally, but introduce a de-homogenisation of the particle distribution occurs, with clusters of particles appearing dark separated by very bright bands of Zn-depleted BS-glass. Another 3 min of irradiation ( Fig. 5(d) ) results in the formation of particle chains, the longest of which (highlighted by the white contour) is about 100 nm long and consists of 11 nanoparticles.
Subsequently, the irradiation level was applied via a more focused beam (following reinsertion of the condenser aperture) and moved across the centre/right region of the field of view ( Fig.   11 5(e)). Now sudden particle growth (as seen previously in Fig. 1 and Fig. 3 ) is found and different nanoparticle morphologies such as hexagonal, square and spherical can be seen. The spherical nanoparticle sizes are 16 ± 7 nm. Appearance of even larger patches of particle-free glass indicates that the growth process is sustained by ripening and not by further precipitation; quite possibly the glass was already losing its Zn content during the initial irradiation ( Fig. 5(a) 
B. Line-scan patterning
Line-scan patterning has been conducted in TEM mode by using manual movement of the electron beam. Probes of various diameters, as achievable for FEG and thermal gun TEM, have been applied. The probe diameter has been set up outside the glass fragment before moving the beam into the glass-material in order to minimize changes prior to the irradiation. Figure 6 summarises line scans for Zn-rich borosilicate glass (ZBS-A).
In 
C. Secondary irradiation effects
While the main aim of the research was to examine patterning opportunities, the above experiments also showed details worth reporting in the field of general irradiation physics of oxide glasses.
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C1. Particle ordering
Occurrence of particle chains or sequences of precipitates with ordered spacing has been mentioned briefly. Inducing order into a precipitation process in glass has in the past been achieved by external patterning, either via laser gratings 25 or ion implantation masks 13 , however, in our experiment only self-organisation may apply (as reported by Mohr et al. 26 ). It is well known that following a nucleation event during phase separation and precipitation phenomena (with and without spinodal decomposition), the glass matrix will be locally altered (depleted in the separated element(s)) and therefore the statistically most probable random next nucleation event will occur at a minimum distance from the first one, related to the diffusion length. At a thin glass edge, where no overlap in imaging direction occurs, one could expect particles to occur with a mean periodic distance from each other and a characteristic gap between each other.
In Fig. 6 (b) this seems to be the case and more examples are shown in Fig. 7 . The chains of Fig.   5 , however, contradict this theory of formation. Firstly, the particles only coagulate after prolonged irradiation, while they pre-exist without chain-order for shorter irradiation times.
Secondly, the 1D chain in Fig. 5 is not due to edge-geometry but adopted during coagulation.
This observation could point to a liquid-like intermediate stage of the Zn particles, but no necking or merging is happening which would support this idea, rather some small gaps separating the nanoparticles persist and prevent an atomic-level attachment-chain. showing the particle size and the distance between the particles.
C2. Carbon film decoration
One experiment, see 
C3. Radiation Induced Fluidity (RIF)
During precipitation experiments above, the shape and surface detail of the glass fragment irradiated has sometimes been significantly altered. This phenomenon has so far been reported Round Zn particles are also found (Fig. 8) . On one occasion, a precipitated Zn particle appears to approach a full spherical shape of ''molten-like zinc'' of diameter of about 8 nm, situated at the edge of a glass fragment indicated by the arrow in Fig. 5 (f) and a higher magnification image of this particle shown in Fig. 8(b) . The visibility of lattice fringes, see Fig. 8 
C4. Cation migration
During a further FEGTEM experiment (Fig. 9) , irradiation has been focused onto a thin and long glass-rod fragment. These occur by chance as a result of the grinding process in addition to more common rough particles. Focusing the beam to a diameter identical to the rod diameter leads to Zn particles aligning right in the centre of the rod avoiding surface-near regions ( Fig. 9(d) , encircled). In some rod-irradiation experiments at these moderately focused conditions, a diameter-widening of the rod has been observed ( Fig. 9(a) 
IV. DISCUSSION
Earlier research (see [2, 10] and citations therein) on electron irradiation of alkali, alkaline-earth, and Zn borosilicate glasses has developed a comprehensive theory of irradiation mechanisms involved, emphasizing the relatively low importance for knock-on damage and thermal effects 30, 31 , while the key-process was postulated to be the bond-breaking of Zn-O ionic bonds along with change of ionic valence, mainly involving non-bridging oxygens. This is followed by rapid migration of the liberated cations driven by electrostatic fields from local charging due to 20 loss of secondary and Auger electrons. Our research is compatible with these findings; however, as we use TEM with a large variety of irradiation diameters instead of STEM, we find some further complementary evidence: (i) beam diameters larger than a few tens of nm do not longer trigger cation migration out of the illuminated area, but rather enhance diffusivity to facilitate growth of already nucleated precipitates. For more focused FEG-TEM beams (Fig. 6(c,d) , 9(c,d))
there is however evidence that metal migrates away from the centre of irradiation and therefore two metal-lines are generated at either side of one beam line-scan; (ii) the second major result from our work is the simultaneous appearance of precipitation and glass-matrix ablation, while no evidence of oxygen vacancy clusters or bubbles was found. As these aspects are highly dependent on chosen irradiation levels, we therefore provide estimated exposure of our samples The competition between precipitation and ablation has an essential influence on the question of where Zn metal particles form: most of our cases (Fig. 1, Fig. 5 , Fig. 6(b) , Fig. (9) ) find all particles clearly sub-surface at least 5 nm away from the projected glass fragment edge. This is further enhanced by time series observation of particle growth, where bigger particles never touch any surfaces. Only at more focused electron irradiation (e.g. Fig. 3 ), does the glass ablation rate exceed the rate of internal Zn particle growth, with Zn particles being found decorating the surface due to their longer resistance to ablation. The choice of Zn location via electron intensity 22 could allow specific engineering of desirable optical surface properties, especially for nanoplasmonic applications.
A further noticeable effect, next to precipitation and glass ablation, is the surface smoothening observed in both our ZBS glasses, as reported before 30 for alkali-borosilicate glasses. This involves radiation induced fluidity (RIF) which causes sharp corners to become rounded due to surface tension, originated via high defect generation rates during radiolysis, high vacancy concentrations and high diffusivities, even more so surface diffusivity. Parallel Zn-metal formation and ZBS matrix smoothing means the temperature must be lower than T m for Zn-metal adjusted for nanoscale particles, and therefore provides evidence for ''quasi-melting'' type behaviour.
The success of sub-100 nm patterning with a thermal-gun electron beam ( Fig. 6(b) ) proves that the precipitation is irradiation-triggered and less of an indirect heating-annealing process as would apply for laser-irradiation. Temperature increases would be expected to spread across an entire sub-500 nm fragment during the several minutes of the experiment and blur the pattern.
However, the FEG-TEM patterning experiments ( Fig. 6(d) ) on the other hand prove that the electron beam size is not a suitable estimate for patterning resolution, as Zn is found either side of the ablation-trace of the track (which itself can be larger than the pure beam) thereby blurring line-width by at least a factor two. Non-locality of damage patterns with respect to a sub-nm beam size is also discussed in Ref. being advantageous when precise beam-control matters, as it is easier to avoid unwanted preprecipitation during focusing before deliberate patterning starts.
V. CONCLUSION
In this work, Zn nanoparticle formation in Zn-borosilicate glasses via electron beam irradiation has been analysed and key-findings comprise: via EELS fine structure (mainly Zn plasmon) and HRTEM we find that at least the majority of precipitated particles are metallic Zn rather than ZnO. For stationary irradiation, a circular pattern of particle sizes decreasing with distance from the beam-maximum is found. Time series exposure further confirm a nucleation and growth process with larger particles consolidating smaller ones, while the overall Zn volume fraction seems to saturate early. The low-Zn glass is found to precipitate slower, as aimed for, but does not show higher Z-contrast indicating perhaps that in both glasses little Zn is left in the matrix.
Preliminary findings indicate patterning is possible, although delocalisation of precipitation and irradiation will limit resolutions of patterns achievable. Generally the response to irradiation (apart from rates and times) was surprisingly similar for both glasses examined.
